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The role of host factors in plant viral diseases is not well understood. To study this important aspect of plant–pathogen
interaction, we identified an Arabidopsis thaliana mutant, designated vid1 (virus-inducible dwarf), with altered responses to
viral infection. Specifically, vid1 resembled the wild-type plants when healthy but developed a severely dwarfed phenotype
with a loss of apical dominance following infection by a tobamovirus. Genetic segregation showed that the vid1 phenotype
is caused by a recessive mutation in a single gene. Since systemic viral infection is thought to interfere with the host plant
intercellular transport, we propose that the vid1 mutation affects this transport process. Combination of the mutation and
viral infection may disrupt transport of developmental regulators, such as hormones, causing formation of the vid1
phenotype. Indeed, the effect of vid1 mutation was repressed by exogenous application of a plant hormone auxin. Potentially,
the vid1 mutant will help characterize the mechanism of virus–plant interaction and formation of plant viral disease
symptoms. © 1998 Academic Press
INTRODUCTION
Viral infection affects many aspects of plant physiol-
ogy and involves both viral and host cell components.
The role of individual viral proteins in the infection pro-
cess is relatively well characterized. For example, the
tobamovirus tobacco mosaic virus (TMV), one of the
best-studied plant viruses, produces three nonstructural
proteins (P126, P183, and P30) and the coat protein (P17
or CP) (Goelet et al., 1982). P126 and P183 function in
viral replication (Palukaitis and Zaitlin, 1986), and P30
potentiates cell-to-cell spread of TMV through the plant
intercellular connections, plasmodesmata (reviewed by
Citovsky et al., 1993; Deom et al., 1992; Ghoshroy et al.,
1997). CP, in addition to its structural role (Bloomer and
Butler, 1986), is involved in the systemic movement of
TMV (Dawson et al., 1988; Lucas and Gilbertson, 1994)
and in the induction of the viral disease symptoms (Daw-
son et al., 1988; Knorr and Dawson, 1988).
In contrast to the viral components of the infection
process, the role of host cellular factors is poorly under-
stood. Most known genetic loci that affect viral infection
cause resistant phenotypes rather than modified symp-
toms of infection (Caranta and Palloix, 1996; Dempsey et
al., 1997; Ishikawa et al., 1993, 1991; Lee et al., 1994;
Leisner et al., 1993; Weber et al., 1993; Whitham et al.,
1995). Identification of plant mutants that still allow viral
infection but respond with different disease symptoms
would be useful for characterization of plant factors in-
volved in the process of virus–plant interaction. Using
viral infection for such a genetic screen requires a mild
initial symptomatic response of the plant to the invading
virus. The production of mild symptoms then allows both
detection of enhanced symptoms and the survival and
fertility of the identified infected mutants. While one of
the most characterized plant viruses, TMV, induces mild
disease symptoms, it is not pathogenic in the cruciferous
Arabidopsis thaliana (Simon, 1994), the plant of choice
for genetic experiments (Pang and Meyerowitz, 1987).
Recently, however, another tobamovirus has been found
to infect crucifers. This virus was originally described in
turnips and classified as turnip vein clearing virus (TVCV)
(Lartey et al., 1993). Subsequent experiments showed
that TVCV efficiently infects A. thaliana, causing forma-
tion of mild, rapidly developing symptoms but maintain-
ing fertility and survival of the infected plants (Lartey et
al., 1997). These features suggest that TVCV infection of
A. thaliana can be used as a model system to study
virus–plant interactions.
As a tobamovirus, TVCV is a positive-sense RNA virus
serologically related to TMV (Lartey et al., 1993). The
6400-nucleotide genome of TVCV contains four open
reading frames that are predicted to encode a 126-kDa
protein with methyltransferase and RNA helicase motifs,
a 183-kDa protein containing RNA replicase motifs, a
30-kDa cell-to-cell movement protein, and a 17.5-kDa
coat protein (Lartey et al., 1994; 1995). We used TVCV
infection as a genetic screen for A. thaliana mutants with
altered disease symptoms. With this approach, we iden-
tified and characterized a mutant which develops dra-
matic morphological changes during viral infection.
1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 516-632-8575. Internet: vitaly.citovsky@sunysb.edu.
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RESULTS
Isolation of an A. thaliana vid1 mutant with virus-
inducible phenotype
The major phenotypic effect of A. thaliana infection
with TVCV is mild reduction in the height of the infected
plants (see also Lartey et al., 1997) (compare an unin-
fected plant in Fig. 1A to a TVCV-infected plant in Fig. 1B).
In addition, TVCV infection often results in curled stems
(Fig. 1B). No other known symptoms of viral disease,
such as necrosis or mosaics (Daubert, 1988), were ob-
served in TVCV-infected A. thaliana. After 20 days of
stunted growth, the infected plants seemed to adapt to
the virus and resume stem elongation, reaching 95% of
the height of uninfected mature plants (data not shown).
To identify host mutations that alter viral disease
symptoms, we searched for A. thaliana mutant plants
with severe virus-induced stunting. Screening of 8000
ethylmethane sulfonate (EMS)-mutagenized M2 seed-
lings yielded one mutant line that exhibited a severe
dwarf phenotype when infected with TVCV (Fig. 1D). The
height of this infected plant was only 15% of the size of
wild-type infected A. thaliana (compare Figs. 1B and 1D).
In the absence of viral infection, however, the height of
the mutant plant closely resembled the height of wild-
type plants (Figs. 1C and 1A). This A. thaliana mutant was
designated vid1 (virus-induced dwarf).
In addition to severe stunting, the vid1 mutant lost
apical dominance and produced a large number of sec-
ondary inflorescence stems (Fig. 1H). This symptom was
not observed in TVCV-infected wild-type A. thaliana (Fig.
1G). In the absence of the virus, the branching patterns of
the mutant and the control plants were identical (Figs. 1F
and 1E, respectively).
Next, we examined whether the induction of vid1 phe-
notype depends on the developmental stage of the inoc-
ulated mutant plant. Wild-type and vid1 plants were in-
oculated with TVCV either at the four-leaf stage before
bolting or after bolting. Differences in viral disease symp-
toms between the wild-type and vid1 plants were quan-
tified using two criteria: plant height and number of
inflorescence stems. Figure 2A shows that 45 days after
germination, the wild-type and vid1 plants reached sim-
ilar heights, with wild-type at 31 cm and vid1 at 27 cm.
Infection of wild-type plants before bolting resulted in
mild stunting, with plants growing to 77% (24 cm) of
uninfected plant height. This stunting was reduced when
the inoculation was performed after bolting, with plants
growing to 95% (29.5 cm) of normal uninfected plant
height (Fig. 2A). A strong dwarf phenotype was seen
FIG. 2. Plant height and number of inflorescence stems in TVCV-
infected wild-type and vid1 plants. A. thaliana seedlings were germi-
nated and inoculated with TVCV either at the four-leaf stage (before
bolting) or after the primary inflorescence stem has developed (after
bolting). Thirty-five days after germination, the height of the plants was
measured and the number of inflorescence stems counted. Average
values derived from measurements of 50 wild-type (open bars) or 50
vid1 plants (shaded bars) are presented. The standard deviations are
also indicated. (A) Effect of TVCV infection on plant height. (B) Effect of
TVCV infection on the number of inflorescence stems.
FIG. 5. Compressed internode regions in TVCV-infected vid1 plants. (A) Uninfected vid1 plant; (B–D) TVCV-infected vid1 plant. (E) Schematic representation
of the compressed internodes on stems of TVCV infected vid1 plants. (F) Time course of TVCV CP appearance in the uninoculated leaves of vid1 plants (filled
circles) and the kinetics of compressed internode formation (open circles). The graphs represent an average of three independent experiments in which the
CP amounts were estimated by scanning densitometry of the Coomassie blue-stained polyacrylamide gels, whereas the internode length was measured
directly with a ruler.
FIG. 6. TVCV infection of auxin-treated vid1 plants. (A) TVCV-infected vid1 plant mock-treated with water and photographed 7 days after beginning
treatment. (B) TVCV-infected vid1 plant treated with auxin and photographed 7 days after the beginning of treatment. Note that discoloration of the
lower leaves is due to their mechanical inoculation with TVCV. (C) TVCV RNA dot blot assay. (D) Kinetics of TVCV systemic movement. The graphs
represent an average of three independent experiments in which the relative RNA amounts were estimated by counting radioactivity in the
corresponding dot blots. RNA accumulation is expressed as the percentage of the maximal amount of radioactivity detected in the samples from
uninoculated leaves of untreated vid1 plants.
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when vid1 plants were infected before bolting; these
plants grew to only 12% (3.3 cm) of uninfected vid1 plant
height. Inoculation after bolting also caused dwarfing of
vid1 plants, although these grew to 18% (5 cm) of the
uninfected vid1 height (Fig. 2A).
The effect of TVCV infection on the number of sec-
ondary inflorescence stems in the vid1 mutant was
quite dramatic. Figure 2B shows that uninfected wild-
type and vid1 plants usually produced three stems per
plant. In the wild-type A. thaliana, the number of inflo-
rescences was not affected by TVCV infection. In stark
contrast, TVCV-infected vid1 plants developed 12
stems per plant. The timing of TVCV inoculation, e.g.,
before or after bolting, did not alter the effects of viral
infection on the number of secondary inflorescence
stems in either wild-type or vid1 plants (Fig. 2B). Thus,
in both criteria of plant height and inflorescence stem
number, the effect of TVCV on vid1 plants was inde-
pendent on the developmental stage of the infected
plant.
The spread and accumulation of TVCV in vid1 plants
are identical to those in wild-type plants
The mutant phenotype of vid1 during TVCV infection
may be caused by changes in the accumulation and
spread of the virus. To test this possibility, we com-
pared accumulation of the virus in the vid1 plants to
that in wild-type A. thaliana. Since the CP is the only
structural protein of TVCV (Lartey et al., 1995), levels of
CP in the infected tissue correlate with the accumula-
tion of the virus (Lartey et al., 1997). Electrophoretic
analysis of TVCV-infected wild-type A. thaliana plants
revealed a 17.5-kDa protein (Fig. 3A, lanes 2 and 3)
which comigrated with the purified viral CP (Fig. 3A,
lane V) and reacted with anti-TVCV antibodies (data
not shown). Whereas the CP was absent in healthy
plants (Fig. 3A, lane 1), it accumulated to high levels in
both the inoculated (local movement, Fig. 3A, lane 2)
and uninoculated (systemic movement, Fig. 3A, lane 3)
leaves of the infected plant. Thus, TVCV infects A.
thaliana both locally and systemically (see also Lartey
et al., 1997). Electrophoretic analysis of uninfected
(Fig. 3A, lane 4) and TVCV-infected vid1 plants showed
that the viral CP accumulated to a similar level in both
inoculated and uninoculated leaves of infected plants
(Fig. 3A, lanes 5 and 6, respectively). Thus, no differ-
ences between CP accumulation in the wild-type and
vid1 plants were detected.
To examine whether kinetic differences in viral spread
underlie the vid1 phenotype, we compared the dynamics
of TVCV local and systemic infection in wild-type and
mutant plants. Figure 3B shows that TVCV CP was first
detected in the inoculated leaves of wild-type A. thaliana
1 to 2 days following inoculation. The amount of CP
continued to accumulate and reached its maximum lev-
els on day 6 postinoculation. TVCV accumulation in the
uninoculated wild-type leaves followed a slightly slower
time course, with CP appearing 2 to 3 days after inocu-
lation (Fig. 3B). Potentially, the spreading virions enter
one of the minor veins of the leaf during early stages of
FIG. 3. TVCV CP in inoculated and uninoculated leaves of wild-type
and vid1 plants. Plants were grown, inoculated with TVCV and analyzed
for the presence of the viral CP as described under Materials and
Methods. (A) SDS–polyacrylamide gel electrophoresis. Purified TVCV
CP (lane V). Uninfected wild-type plant (lane 1). Inoculated and unin-
oculated leaves, respectively, from TVCV-infected wild-type plants
(lanes 2 and 3). Uninfected vid1 plant (lane 4). Inoculated and uninocu-
lated leaves, respectively, from TVCV-infected vid1 plants (lanes 5 and
6). Arrowhead indicates the position of TVCV CP. Protein molecular
mass standards are indicated on right in thousands of Daltons. (B)
Kinetics of CP accumulation. Wild-type uninoculated leaves (open cir-
cles). vid1 uninoculated leaves (filled circles). Wild-type inoculated
leaves (open triangles). vid1-inoculated leaves (filled triangles). The
graphs represent an average of three independent experiments in
which the CP amounts were estimated by scanning densitometry of the
Coomassie blue-stained polyacrylamide gels. CP accumulation is ex-
pressed as the percentage of the maximal amount of CP accumulated
in the inoculated leaves of wild-type A. thaliana.
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their cell-to-cell movement, allowing systemic spread to
occur concomitantly with continued local movement. Im-
portantly, the time course of infection in vid1 and wild-
type plants was identical, both locally and systemically
(Fig. 3B). Thus, while the vid1 mutation caused a dra-
matic change in the disease symptoms, it did not affect
the infection process itself, i.e., viral spread and accu-
mulation.
TVCV infection reduces cell length in stems of vid1
plants
Because TVCV-infected vid1 plants develop very
short inflorescence stems (Fig. 2D), the mutation pos-
sibly causes actual reduction in the cell size or stops
cell growth following viral infection. Consequently, we
examined the dimensions of stem cortical cells from
uninfected and TVCV-infected wild-type and vid1 mu-
tant plants. Figure 4 shows that in the absence of
TVCV infection, the stem cortical cells from both plant
sources are very similar in size and shape (compare
Figs. 4A and 4B). In wild-type plants, viral infection did
not significantly alter the dimensions of the stem cor-
tical cells (Fig. 4C); however, in vid1 plants, the stem
cortical cells were shorter in TVCV-infected stems (Fig.
4D). The average lengths and widths of stem cortical
cells from uninfected and TVCV-infected wild-type and
vid1 plants are listed in Table 1. These measurements
demonstrate that TVCV infection had a significant ef-
fect on the vid1 cell length, reducing it by 53% (from
73.3 to 34.3 mm, Table 1). No such decrease in the cell
length was observed in the wild-type plants. However,
stem cortical cells became wider in both vid1 and
wild-type plants. Following TVCV infection, the stem
cortical cells in the vid1 mutant were significantly
wider (60%, from 13.71 to 21.97 mm) while those in
wild-type plants were moderately wider (22%, from
15.47 to 18.93 mm) (Table 1). Thus, the vid1 mutation
affects both the length and width of the stem cortical
cells following viral infection.
vid1 plants develop highly compressed internode
coinciding with the kinetics of TVCV systemic
infection
In addition to overall reduction in the cell length and,
consequently, in the internode length, TVCV infection
resulted in a dramatic compression of regions of the
stem region of the vid1 plants; these compressions
often encompassed 8–10 internodes. Figure 5 shows
such a compressed region containing 9 internodes
within 1 cm (Fig. 5B). No compressed regions were
observed in uninoculated vid1 plants (Fig. 5A) or in
TVCV-infected wild-type A. thaliana (data not shown,
see also Lartey et al., 1997).
Interestingly, these compressed regions developed
only from days 1 to 6 after inoculation with TVCV. Inter-
nodes formed before or after this time period were
slightly shorter than those in wild-type plants but were
not dramatically compressed (Figs. 5C and 5D; see also
diagram in Fig. 5E). Data suggest that there is close
correlation between formation of the compressed inter-
nodes and the systemic movement of TVCV. To monitor
TVCV systemic infection, the appearance of CP was
assayed in the uninoculated upper leaves of the infected
plants. Confirming previous observations (Lartey et al.,
1997), CP was first observed in uninoculated leaves 2
days postinoculation and its amount steadily increased,
reaching saturation at the 6th day after infection (Fig. 5F).
These results suggest that TVCV systemic movement
occurs within the first 6 days after inoculation, the same
time when the compressed regions develop.
To compare the time course of TVCV systemic move-
ment and stem elongation in vid1 plants, stem internodes
formed during the first 9 days postinoculation were
marked and allowed to elongate for an additional 10
days, facilitating measurement of their length. Figure 5F
shows that internodes formed prior to and in the first day
of inoculation reached an average length of 2 cm. For the
next 5 days, the internodes became compressed and did
not elongate for more than 2 mm. Internodes which
formed after this time period (6 days) were again able to
reach a length of 1.8 cm (Fig. 5D). Thus, the timing of
formation of the compressed internode regions closely
paralleled the time course of TVCV systemic infection.
Repression of the vid1 phenotype by auxin
The phytohormone auxin is known to promote cell
elongation and inhibit growth of secondary inflorescence
stems (Davies, 1987). Since the vid1 mutation results in
virus-induced dwarfness and lack of apical dominance,
auxin may be involved in the production of vid1 pheno-
type. To test this hypothesis, we applied auxin to TVCV-
infected vid1 plants and followed the development of
disease symptoms. Figure 6 shows two vid1 plants
which were inoculated with TVCV at the same time; 3
days after infection, one plant was sprayed with auxin
TABLE 1
Dimensions of Internodal Cortical Cells
of the Wild-Type and vid1 A. thalianaa
Plant type Cell length 6 SD (mm) Cell width 6 (mm)
Wild-type uninfected 79.96 6 12.27 15.47 6 2.98
Wild-type infected 84.33 6 13.97 18.93 6 4.00
vid1 uninfected 73.30 6 11.11 13.71 6 2.63
vid1 infected 34.30 6 5.77 21.97 6 3.14
a Stems were sampled 12 days after infection and processed for light
microscopy as described under Materials and Methods. Each mea-
surement represents an average of 50 different cells. SD, standard
deviation.
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while the other was mock-treated with water. The effect
of auxin was apparent 7 days after beginning the treat-
ment. In the absence of exogenous auxin, the TVCV-
infected vid1 plant had a bushy appearance with 14
secondary inflorescence stems (Fig. 6A). In contrast, the
auxin-treated TVCV-infected vid1 plant regained apical
dominance, producing only one stem (Fig. 6B). Both
plants were the same overall height at this time. How-
ever, 18 days later (25 days after the beginning of treat-
ment) the auxin-treated plant was taller than the mock-
treated plant by ;50% (data not shown). Thus, applica-
tion of auxin repressed the lack of apical dominance and
partially prevented the stunting of vid1 plants caused by
TVCV infection. Furthermore, auxin treatment also sup-
pressed the formation of the compressed internode re-
gions developed during the systemic movement of TVCV
(data not shown).
The auxin treatment may have simply interfered with
viral replication and/or systemic movement rather than
repressed the disease symptoms per se. To test this
possibility, untreated and auxin-treated vid1 A. thaliana
plants were examined for the accumulation and systemic
spread of TVCV genomic RNA. Figure 6C shows the dot
blot analysis of the viral RNA in uninoculated leaves of
these plants. Kinetic curves constructed based on these
results (Fig. 6D) indicated that neither the time course
nor the maximal levels of TVCV RNA accumulation were
affected by auxin treatment. These results were con-
firmed using the CP as a marker to follow TVCV accu-
mulation and movement in untreated and auxin-treated
vid1 plants (data not shown).
Another phytohormone, gibberellic acid (GA), is also
known to influence apical dominance and cell size (Da-
vies, 1987). External application of GA to TVCV-infected
vid1 plants did not produce any phenotypic changes
(data not shown), suggesting that the GA plays no obvi-
ous role in determination of the vid1 phenotype.
The vid1 phenotype is caused by a recessive
mutation in a single gene
Genetic segregation analysis showed that the progeny
of the homozygous vid1 plants crossed to the wild-type
A. thaliana (F1) did not develop the mutant phenotype
(i.e., stunted bushy plants) following TVCV infection (Ta-
ble 2), indicating that the vid1 phenotype is caused by a
recessive mutation. When this F1 population was self-
pollinated, the resulting F2 progeny segregated 2.8:1
(wild-type to vid1; Table 2). A x2 analysis shows that this
ratio is not significantly different from the 3:1 segregation
(x2 5 0.13), suggesting that both vid1 phenotypic char-
acteristics, i.e., stunting and loss of apical dominance,
likely result from a single mutation. However, the rela-
tively small number of progeny tested does not rule out
the possibility of two loci less than 15 M.U. apart. No
mutant phenotypes were observed in the F2 population
in the absence of viral infection (Table 2), confirming
involvement of the TVCV–plant interaction in the devel-
opment of the vid1 phenotype.
DISCUSSION
The interaction between a virus and its host plant
involves many basic biological processes such as inter-
cellular transport, regulation of gene expression, etc.
Still, very little is known about host cellular factors which
interact with the invading virions. Identification of plant
mutants with altered response to viral infection should
significantly enhance our understanding of the infection
process.
Using viral infection as a genetic assay, an A. thaliana
mutant, vid1, was discovered which exhibited dramatic
stunting and lack of apical dominance in response to
TVCV infection. Genetic crosses suggested that a reces-
sive mutation in a single gene is responsible for this
phenotype. Initial characterization of the vid1 mutant re-
vealed two major effects resulting from viral infection: (i)
inhibition of stem elongation and (ii) loss of apical dom-
inance. The extent of inhibition of cell elongation (53%),
however, does not account for the overall TVCV-induced
stunting of the entire vid1 plant (95%). It is possible that
the vid1 mutation also reduces the rate of cell division in
the infected plants, and the combination of both effects
results in the severe vid1 dwarf phenotype following
TVCV infection. Since no inhibition of cell elongation was
found in TVCV-infected wild-type plants, their mild stunt-
ing may be caused solely by reduction in stem cell
division. Decrease in cell division, then, may be a gen-
eral effect of viral infection, while inhibition of cell elon-
gation may represent a specific interaction between viral
infection and the vid1 mutation.
It is possible that both phenotypes of vid1 which de-
TABLE 2
Phenotypic Segregation in the Progeny of Crosses
between the vid1 Mutant and Wild-Type Plantsa
Parental
genotype Generation
Number of plants
WT Mutant WT/mutant ratio
F1
Infected 28 0 —
vid1/vid1 Uninfected 25 0 —
3
VID1/VID1 F2
Infected 115 41 2.8:1
Uninfected 40 0 —
a Plant phenotypes were examined 12 days after infection. Mutant
phenotypes were defined as those developing both extreme stunting
and loss of apical dominance following viral infection; no segregation
of these traits has been ever observed in the examined plant popula-
tions. WT, wild type.
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velop after viral infection involve alterations in the re-
sponse of these plants to the plant hormone auxin.
Among its many developmental effects auxin promotes
cell elongation and determines apical dominance by
inhibiting growth of the secondary inflorescence meri-
stems (Davies, 1987). Application of auxin to the TVCV-
infected vid1 plants partially suppressed stunting and
restored apical dominance, eliminating the TVCV-in-
duced bushy phenotype. Involvement of auxin in the vid1
phenotype is consistent with the well-characterized aux-
in-resistant A. thaliana mutants, e.g., axr1 (Lincoln et al.,
1990) and axr2-1 (Wilson et al., 1990), which exhibit
varying degrees of stunting and reduced apical domi-
nance (Estelle and Somerville, 1987). Unlike these mu-
tants, however, the vid1 phenotype is absolutely depen-
dent on the presence of viral infection.
How might TVCV infection and vid1 mutation disrupt
regulation by endogenous auxin? Since auxin applica-
tion repressed the vid1 phenotype, the auxin signal
transduction pathway is not affected by this mutation.
The defect should, therefore, occur either in the biosyn-
thesis or distribution of auxin molecules. The vid1 muta-
tion may directly affect the auxin biosynthesis pathway;
however, this effect would have to be so mild that it
manifests only in virus-infected vid1 plants. This scenario
implies that viral infection further reduces auxin produc-
tion. An alternative, and potentially more likely, possibility
is that the effects of vid1 mutation involve the intercellu-
lar transport of auxin. Auxin is thought to be produced in
the apical meristem and transported to the lower parts of
the plant where it exerts its effects (Hertel, 1983). Inhibi-
tion of auxin transport is thought to cause dramatic
developmental changes in plant morphology, such as
formation of pin-like inflorescence structures (Okada et
al., 1991). Alterations in this polar transport of auxin may
abolish apical dominance and inhibit cell elongation,
resulting in the characteristic bushy and stunted pheno-
type of the virus-infected vid1 mutant.
It is also possible to envision how viral infection might
affect auxin transport in the vid1 plants. Following inocula-
tion, most plant viruses spread from cell to cell through
plasmodesmata (reviewed by Ghoshroy et al., 1997) until
they reach vascular bundles which, in higher plants, are
delimited from other tissues by a ring of cells termed the
bundle sheath. Plasmodesmata between the bundle
sheath cells and the vascular elements are thought to
represent the specific boundary between the vascular and
nonvascular tissues (Ding et al., 1992; Lucas and Gilbert-
son, 1994). The spreading virus must pass this boundary in
order to reach the vascular system and move systemically.
Viral proteins required for cell-to-cell movement (Derrick et
al., 1992; Noueiry et al., 1994; Waigmann et al., 1994; Wolf et
al., 1989) have been shown to impair phloem transport
throughout the plant (Lucas et al., 1996). The vid1 mutation
might also interfere with this vascular transport process.
Combination of viral infection and the vid1 mutation, then,
could disrupt directional transport of auxin molecules. In-
deed, viral infection is known to interfere with hormonal
responses of the host plants (reviewed by Pennazio and
Roggero, 1996).
The idea that TVCV infection interferes with distribu-
tion of morphogenic signals, such as hormones, is sup-
ported by the observations that the kinetics of viral sys-
temic spread closely paralleled the formation of highly
compressed internodes in the infected vid1 plants. Po-
tentially, viral movement forms a “wave” of vascular trans-
port changes which, in turn, affects signaling for cell
elongation. Once the virus has spread throughout the
plant, this modification in transport is likely eliminated,
resulting in at least partial resumption of signaling and
cell elongation. This hypothesis is consistent with the
recent observations that viral effects on plasmodesmata
are transient and limited to the expanding edge of infec-
tion (Oparka et al., 1997).
vid1 represents a new class of A. thaliana mutants that
have a phenotype only following viral infection. Because
this mutant phenotype is virus-inducible, vid1 plants may
provide insights into the mechanism of virus–plant inter-
action and formation of plant viral disease symptoms.
Furthermore, it is possible that many genes or even
entire pathways are redundant and cannot be detected
by traditional genetic experiments, i.e., simple screening
of mutants for a desired phenotype. Mutant phenotypes
of these genes may only become apparent under certain
physiological conditions, such as systemic viral infec-
tion. The use of virus-infected A. thaliana, therefore, may
help to identify such “silent” genes.
MATERIALS AND METHODS
Plant material
EMS-mutagenized M2 seeds and wild-type seeds of
the Columbia ecotype of A. thaliana (Lehle Seeds, Round
Rock, TX) were planted in covered trays containing Pro-
mix with 25% sand and vernalized for 2 days at 4°C. The
plants were then transferred to a growth chamber having
a relative humidity of 50% and a cycle of 16 h light at
25°C and 8 h dark at 22°C. Light was supplied by a
combination of fluorescent and incandescent bulbs at an
average intensity of 230 mE/m22sec21.
Preparation of virus and inoculation of plants
TVCV was purified from the infected Nicotiana taba-
cum CV Samsun plant as described (Lartey et al., 1993).
For inoculation of A. thaliana, the virus suspension was
diluted to 4.5 mg/ml of viral protein in 1% K2HPO4 con-
taining 3 mg/ml of Celite. A. thaliana plants were inocu-
lated at the four-leaf stage by rubbing 2.5 ml of virus
suspension on the surface of each leaf.
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Light microscopy
Stem samples (0.5–1.0 cm) from TVCV-infected plants
were fixed in cacodylate-buffered (pH 7.2) 3% glutaralde-
hyde–H2O2 for 3 h at room temperature. The samples were
postfixed in cacodylate-buffered (pH 7.2) 1% osmium tetrox-
ide, dehydrated in a graded series of ethanol (50, 70, 90,
and 100%), and embedded in Embed 812, prepared freshly
(EM Sciences, Fort Washington, PA). Thick sections (1.5–2.0
mm) of stem tissue were cut with a glass knife, stained with
epoxy tissue stain (EM Sciences), and viewed with a Nikon
Optiphot-2 light microscope equipped with a Hitachi HV-
C20 3CCD video camera.
TVCV CP assay
Leaf samples (0.05 g fresh weight) were removed,
ground in 50 ml of extraction buffer (50 mM Tris/HCl, pH
8.0, 10 mM EDTA, 4 M urea, and 1% SDS), and boiled for
10 min. After boiling, the samples were centrifuged at
10,000g for 10 min and 10 ml of the supernatant was
analyzed by SDS–polyacrylamide gel electrophoresis on
12.5% gels (Laemmli, 1970). Following electrophoresis,
gels were stained with Coomassie blue and photo-
graphed using a Fotodyne gel documentation system. In
contrast to immunodetection, visualization of TVCV CP
by Coomassie blue staining allows direct quantification
of the amount of accumulated CP as well as demonstrat-
ing its relative abundance compared to that of the cellu-
lar proteins of the host.
Detection of TVCV RNA
At the indicated time periods after inoculation with
TVCV, samples (0.05 g fresh weight each) were har-
vested from uninoculated leaves, ground in liquid nitro-
gen, and extracted with 1 vol of phenol, followed by
double extraction with chloroform–isoamylalcohol (24:1
vol/vol). Nucleic acids were ethanol-precipitated from the
aqueous phase and resuspended in 100 ml TE (10 mM
Tris/HCl, pH 8.0, 1 mM EDTA). Five microliters of each
solution was then dot-blotted onto a nitrocellulose mem-
brane, cross-linked with UV light, and prehybridized for
16 h at 42°C in a solution containing 63 SSPE (13 SSPE
is 150 mM NaCl, 10 mM Na phosphate, pH 7.4, 1 mM
EDTA), 50% formamide, 83 Denhardt’s solution (Ausubel
et al., 1987), 20% formamide, 1% SDS, and 0.2 mg/ml
denatured salmon sperm DNA. Hybridization was per-
formed under the same conditions as prehybridization,
except that the SDS concentration was reduced to 0.5%
and a denatured 33P-labeled viral probe (105–106 dpm)
derived from TVCV cDNA (Lartey et al., 1994) was added.
After hybridization, the membrane was washed three
times in 23 SSPE, air dried, and autoradiographed.
Hormone treatment
Three days after inoculation with TVCV, 1 mM aqueous
solutions of synthetic auxin 2,4-D (2-4 dichlorophenoxy-
acetic acid) or GA was sprayed every 48 h for a 7-day
period directly on A. thaliana leaves. In control experi-
ments, plants were sprayed with double-distilled water.
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